Abstract Phenolic compounds of pistachio green hull extract (PGHE) were incorporated into nanoliposomes (NLs). The NLs were prepared with different concentrations of phenolic compounds of PGHE (500, 750 and 1000 ppm) and particle size, polydispersity index (PDI), zeta potential and encapsulation efficiency (EE) were investigated. The antioxidant activity of free and incorporated phenolic compounds of PGHE were evaluated in soybean oil during 39 days of storage by measuring peroxide (PV), thiobarbituric acid (TBA) values and color. The total phenolic content and IC 50 (DPPH assay) of PGHE were 614.91 ± 0.45 mg gallic acid equivalent/g fresh weight of extract and 10 ± 0.05 lg/ml extract, respectively. The prepared NLs had 101.86-105.81 nm size and PDI = 0.202-0.235. The zeta potential value of NLs varied between -47.7 and -52.3 mV. The highest EE (32.47%) was observed for NLs containing 1000 ppm of phenolic compounds. The lowest PV and TBA values were related to free phenolic compounds at 500 mg/kg oil. In comparison with free phenolic compounds, loaded NLs had lower antioxidant activity, but encapsulation could improve the stability, gradual release and solubility of phenolic compounds in soybean oil. The color of NLs containing oil samples remained constant during the storage, but free phenolic compounds changed the oil's color. All concentrations of free and incorporated phenolic compounds had also higher antioxidant activity than BHT. Finally, 500 ppm of phenolic compounds of PGHE in its incorporated forms could be recommended as a substitute for synthetic antioxidant in soybean oil.
Introduction
Lipid oxidation is one of the main causes of quality deterioration in edible oils, fats and lipid containing foods, which results in substantial economic losses for food industry (Habeebullah et al. 2010 ). There are different strategies for controlling lipid oxidation, but adding antioxidants to lipid bearing foods is the most efficient, economical and suitable approach. Antioxidants can retain edible oils, fats and lipid bearing foods quality and extend their shelf-life by decreasing rancidity, maintaining nutritional values (specially unsaturated fatty acids) and hindering the formation of toxic oxidation products. Furthermore, antioxidants have quenching effects on free radicals and protect the human body against oxidative stress and its related diseases which make them considered as health-promotive additives (Zhong and Shahidi 2012) . Antioxidants are available in natural and synthetic forms in the market, but using synthetic ones such as tert-butyl hydroquinone (TBHQ), butylated hydroxyl anisole (BHA), and butylated hydroxyl toluene (BHT) have been limited due to their toxicity and carcinogenic effects. However, natural antioxidants as alternative for synthetic ones are safe for application in food products. Recently, the tendency for natural antioxidants, especially the plant-based ones, has increased. Regardless of the antioxidant source, the antioxidant activity of plant materials can be attributed to simple phenols, phenolic acid derivatives, flavonoids, and polyphenolic compounds (Habeebullah et al. 2010; Taghvaei and Jafari 2015) . Due to the antioxidant and quenching activity of phenolic compounds, they are able to mitigate the risk of serious health problems. Nevertheless, there are some limitations for using phenolic compounds in foods, such as interaction with food components, low bioavailability, undesirable tastes, degradation during food processing and storage, or in the gastrointestinal tract (Fang and Bhandari 2010) . As many phenolic compounds have low solubility in lipophilic media, it is difficult to use them in lipophilic systems including fats, oils, lipid containing foods, emulsions, cosmetic formulations and biological environments (Zhong and Shahidi 2012) . Encapsulation is a suitable approach to overcome these problems. Liposome is one of the most effective encapsulation methods to protect phenolic compounds due to its small size, capability to incorporate water-soluble and water-insoluble compounds, high biodegradability and biocompatibility as well as non-toxicity. Liposome is a spherical bilayer vesicle made of polar lipids which include an aqueous core enclosed through lipid bilayers (Rashidinejad et al. 2014; Lu et al. 2014) . Consequently, liposomes cover incorporated compounds and protect them against external adverse conditions such as pH, oxygen, light or enzymes and digestion in the stomach and increase their absorption in the gastrointestinal tract which can improve bioavailability, bioactivity and release at particular targets (Hasan et al. 2014) . Lecithin is a natural and inexpensive source of phospholipids with a wide accessibility and high safety. Thus, it can be used for producing liposomes in commercial applications. On the other hand, phenolic compounds encapsulated into liposomes using lecithin, are able to provide the possibility for novel foods and pharmaceutical applications (Rashidinejad et al. 2014) .
Pistachio (Pistachia vera L.) is extensively cultivated in Iran. Iran is the largest producer and exporter of pistachio nut in the world with total production of 478,600 tons in 2013 (FAO 2013) . Pistachio green hull is produced in large quantities during processing of pistachio nut as waste, but studies showed that, pistachio green hull extract (PGHE) has high content of phenolic compounds and remarkable antioxidants, antimutagenicity and antimicrobial activities (Goli et al. 2005; Rajaei et al. 2010; Behgar et al. 2011; Garavand et al. 2017) . Goli et al. (2005) reported that PGHE precipitated in soybean oil during the storage because of its low solubility, especially in higher concentrations which resulted in decrease of its antioxidant activity. Furthermore, PGHE significantly changed the color and taste of oil samples. For mentioned limitations, using free PGHE will be almost impossible and useless in edible oils and lipid containing foods. Therefore, encapsulation of PGHE, as an inexpensive and natural source of phenolic compounds in liposomes, may be an efficient approach to solve the problems related to their direct application in food products and produce appropriate food grade antioxidants.
Although many works have reported on antioxidant activities of plant phenolic extracts, only a few described the application of encapsulated phenolic compounds in food systems (Taghvaei et al. 2014; Rashidinejad et al. 2014; Mohammadi et al. 2016a) .
The objective of this study was to investigate the incorporation of phenolic compounds of PGHE in liposomes and to evaluate their characteristics (particle size, size distribution, zeta potential and entrapment efficiency). The effect of incorporation of phenolic compounds on the oxidative stability of soybean oil was also evaluated during the storage.
Materials and methods

Plant material and chemicals
Pistachio green hulls (Ahmad aghaei variety) were provided from Agricultural Research Center of Yazd in Iran. RBD (refined, bleached, deodorized) soybean oil was purchased from Pars Ghou factory (Tehran, Iran). L-agranular lecithin of soybean (purity of 99%) was supplied by Acros Organics Company (New Jersey, USA). SPE (solid phase extraction) cartridge was obtained from Membrane Solution (Dallas, USA). Other chemicals and reagents of analytical grade were purchased from SigmaAldrich (St. Louis, USA) and Merck (Darmstadt, Germany) companies.
Extraction and purification of PGHE
The pistachio green hulls were dried in shade, ground and sieved (particle size of 0.5-2 mm). The powder sample (1 g) was mixed with distilled water (15 ml) and agitated for 8 h at ambient temperature. Then, the extract was filtered through filter paper (Whatman No. 1). In order to obtain pure phenolic extract, the filtrate was purified using C 18 SPE cartridges according to the method proposed by Rajaei et al. (2010) .
Determination of total phenolic content (TPC)
The TPC of extracts was evaluated with the Folin-Ciocalteu reagent according to the method of Rafiee et al. (2012) . Briefly, 20 ll of the extract was mixed with 1.16 ml distilled water and 100 ll of Folin-Ciocalteu reagent. After at least 1 min (but not exceeding 8 min), 300 ll of Na 2 CO 3 solution (20% w/v) was added to the mixture and stored in a shaking incubator (Memmert WB14, Germany) at 40°C for 30 min. The absorbance was measured at 760 nm by UV-Vis spectrometer (Agilent Cary 60, USA) and the amount of phenolic compounds was expressed as mg gallic acid equivalent (GAE)/gram fresh weight (gfw).
Antioxidant activity of PGHE
The antioxidant activity of the PGHE was measured according to the procedure described by Rafiee et al. (2012) . The free radical scavenging capacity was determined using DPPH (2,2-diphenyl-1-picrylhydrazyl) assay. The DPPH radical scavenging activity (%) of the sample was calculated using the following equation:
where A and B represent the absorbance of control (ethanolic solution of DPPH) and the sample at 517 nm, respectively. The antioxidant activity was evaluated with IC 50 value. The concentration of the extract which is required to scavenge 50% of the DPPH free radicals was considered as IC 50 .
Preparation of nanoliposomes
First, 2 g of the lecithin was added to 98 g of water and agitated (500 rpm) for 1 h to prepare 2% (w/w) lecithin solution. Then, PGHE was added to the mixture to obtain the final concentrations of 500, 750 and 1000 ppm of phenolic compounds and agitated for 4 h by stirrer at 500 rpm (IKA, Staufen im Breisgau, Germany). Finally, the samples were sonicated at operating frequency of 24 kHz and 50% of total power (UP400S, Hielscher, Germany) for 5 min. The empty liposomes were also produced using the same procedure except for adding PGHE to the lecithin solution (Arab Tehrany et al. 2012 ).
The following formulations were used to produce nanoliposomes: ENL (empty nanoliposomes), LNL-500 (loaded nanoliposomes containing 500 ppm of phenolic compounds), LNL-750 (loaded nanoliposomes containing 750 ppm of phenolic compounds), and LNL-1000 (loaded nanoliposomes containing 1000 ppm of phenolic compounds).
Particle size and zeta potential
The average particle size and surface charge of produced nanoliposomes were determined by dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS (Malvern instruments, UK). Before the measurement, liposomal dispersions were diluted (1:20) with deionized water to reduce particle aggregation and prevent multiple scattering effects (Arab Tehrany et al. 2012) .
Entrapment efficiency (EE)
The EE was estimated according to the procedure described by Madrigal-Carballo et al. (2010) . In order to separate unloaded phenolic compounds, liposome dispersion was centrifuged at 65,000 g for 1 h at 4°C (3-30 k, Sigma, Germany). The content of phenolic compounds was determined in initial dispersion and supernatant by the Folin-Ciocalteau assay. The EE (%) was calculated using the following equation:
where C initial is the content of initial phenolic compounds used for preparing nanoliposomes and C sup represents unloaded phenolic compounds in the supernatant.
Fatty acid composition of soybean oil
The fatty acid profiles of soya bean oil were determined by gas chromatography (GC). The fatty acid methyl esters (FAME) were prepared and analyzed using a GC (Shimadzu 17A, Kyoto, Japan) equipped with a flame ionization detector and a fused silica capillary column (50 cm 9 0.25 mm and 0.20 lm of Carbowax 20 M). Lastly, the identification of the FAME peaks was performed with FAME standards (Abedi et al. 2015) .
Oxidative stability of soybean oil during the storage Free and nanoliposome loaded PGHE were individually added to 1 kg of soybean oil at different concentrations (three concentrations of 500, 750 and 1000 mg phenolic compounds). Sample oils containing BHT (100 and 200 mg/kg oil) were also used for comparison. Soybean oil bearing no antioxidant was also considered as control. Totally, the oil was treated with Ex-500, Ex-750 and Ex-1000 (containing 500, 750 and 1000 mg free phenolic compounds of PGHE/kg oil, respectively); NL-500, NL-750 and NL-1000 (nanoliposomes containing 500, 750 and 1000 mg incorporated phenolic compounds of PGHE/kg oil, respectively); BHT-100 and BHT-200 (containing 100 and 200 mg BHT/kg oil, respectively). The oil samples were transferred into glass bottles (25 ml oil in each bottle) and were stored in an oven (Memmert, Germany) at 35°C for 39 days. The oxidative stability of oil samples was evaluated by the measurement of peroxide value (PV) and thiobarbituric acid value (TBA) during the storage, according to AOCS methods (AOCS 2007) .
Color analysis
The color of the soybean oil samples were determined by a Lovibond (5 Tintometer model F, England) using glass cell with an optical path length of 10 mm. Also, the comparison of the colors were carried out with CIE L * , a * and b * color (Abedi et al. 2015) .
Statistical analysis
A completely randomized design and spilt plot in time design were employed for the nanoliposomes preparing experiments (0, 500, 750, and 1000 ppm of phenolic compounds used for encapsulation) and oxidative stability tests were carried out on the 9 treatments with three replicates (27 samples), respectively. The statistical analyses (ANOVA) were carried out by SAS version 9.1. Significant differences among means were determined with the least significant difference (LSD) test at p \ 0.05. All experiments were carried out in triplicates.
Results and discussion
TPC and antioxidant activity of PGHE SPE has been utilized to remove impurities such as carbohydrates, organic acids, fatty substances etc., from phenolic compounds of plant extracts (Rajaei et al. 2010) . TPC and IC 50 of PGHE were 614.91 ± 0.45 mg GAE/gfw extract and 10.00 ± 0.05 lg/ml extract, respectively. Different TPC and IC 50 of PGHEs were reported in other studies. Rajaei et al. (2010) demonstrated that the highest TPC (49.32 mg GAE/gfw sample) and IC 50 (1.94 lg/ml extract) of pistachio green hull extract (Ahmad aghaei variety) were achieved by water as solvent. Water extract of Fandoghi variety of pistachio green hulls had also higher TPC (34.7 mg TAE/g dry weight sample) in comparison to methanol and ethyl acetate extracts (Goli et al. 2005) . This difference in TPC of PGHEs can be related to variety, harvest stage, extraction procedure (solvent type, time and temperature), geographic location, agricultural conditions and so on.
Liposome characterization
The characteristics of empty nanoliposomes and nanoliposomes containing different concentrations of phenolic compounds of PGHE (500, 750 and 1000 ppm) such as particle size, polydispersity index (PDI), zeta potential and entrapment efficiency are shown in Table 1 . Particle size has great influence on characteristics of nanoliposomes such as stability, bioavailability and release behavior. The results of particle size analysis showed that all of samples had nanometer size which was an attractive feature regarding their applications. The maximum average size (105.81 ± 1.08 nm) belonged to ENL. As illustrated in Table 1 , the incorporation of phenolic compounds reduced the nanoliposome size, but the increase of phenolic compounds concentration had no significant effect on the size of nanoliposome (p [ 0.05). The physicochemical properties of phenolic compounds such as polarity, solubility and the size of the molecules may have influences on size of liposomes. On the other hand, the entrapment of phenolic compounds can lead to conformational changes in bilayers, because of several phenolic hydroxyl groups in their structure. The interaction between certain phenolic compounds and the acyl chains of phospholipids may also decrease the liposome size. Moreover, the size reduction of liposomes can be associated with the effect of phenolic compounds on the acyl chain order and the membrane fluidity of bilayers (Wink 2010; Maherani et al. 2013) . Principally, hydrophobic substances are incorporated in the lipid bilayers, while hydrophilic compounds move toward the aqueous interior core. Therefore, it was concluded that since most phenolic compounds of the extract were polar compounds, they were located inside the aqueous part and consequently, the particle size change was not significantly different (p \ 0.05) by increasing phenolic compounds concentration.
As illustrated in Table 1 , PDI values of all samples were lower than 0.3 which indicates homogenous dispersions (Hasan et al. 2014 ). There was significant difference between PDI value of ENL and LNLs. It was observed that the addition of phenolic compounds led to increase of PDI and the highest PDI value was related to LNL-1000 (0.235 ± 0.050).
The zeta potential values indicate the electric potential in the interface or particle surface and are usually used to predict the stability of colloidal systems. As zeta potential values are lower than -30 mV, the system is considered stable. It is due to increase of repulsion between particles which prevent the aggregation, coagulation or flocculation of particles (Lu et al. 2014) . As illustrated in Table 1 , the zeta potential value of samples varied between -47.7 and -52.3 mV ( Table 1) . The highest and the lowest negative surface charges were related to LNL-1000 and ENL, respectively. There was no significant difference between LNLs produced by 500 and 750 ppm of phenolic compounds. LNLs had higher zeta potential than ENL which showed the high physical stability of LNLs. It could be concluded that the addition of phenolic compounds significantly influenced the zeta potential values of LNLs (p \ 0.05) and liposomes containing PGHE have good stability. The presence of anionic phospholipids like phosphatidylserine, phosphatidylglycerol, phosphatidic acid and phosphatidylinositol in lecithin can be responsible for negative surface charge of the produced nanoliposomes (Rafiee et al. 2017) . Furthermore, higher zeta potential of LNLs may be attributed to the negatively charged carboxyl group of phenolic acids which are one of the most important groups of phenolic compounds in PGHE. Consequently, it could be stated that, the increase of surface charge of LNLs in higher concentrations of phenolic compounds may be related to the increase of phenolic acids concentrations. High zeta potential values have been reported in earlier studies (Hasan et al. 2014; Rashidinejad et al. 2014) .
The entrapment efficiency of prepared samples is illustrated in Table 1. According to Table 1 , LNL-1000 had the highest EE (32.47%). There was no significant difference between 500 and 750 ppm of phenolic compounds regarding EE. Similar results were reported by Isailović et al. (2013) regarding particle size, PDI and EE for resveratrol.
Fatty acid profile of soybean oil
The fatty acid profile of soybean oil is presented in Table 2 . The most abundant unsaturated fatty acids (UFAs) in soybean oil were linoleic acid (52.55%), oleic acid (22.86%) and linolenic acid (6.63%). Regarding saturated fatty acids, palmitic acid (12.35%) and stearic acid (4.72%) had higher amounts. As demonstrated in Table 2 , the total UFAs content in soybean oil was around 82% which made it suitable for oxidative stability evaluation.
Oxidative stability PV PV is usually used for the measurement of hydroperoxides which are the main initial products of lipid oxidation. The effects of different treatments on PV of soybean oil during the storage are illustrated in Table 3 . As demonstrated in Table 3 , the statistical results showed that time and treatment interaction (time 9 treatment) had significant effect on PV value and the PV of all samples significantly increased during the storage time (p \ 0.05). The highest increase of PV during the storage period belonged to control sample (from 2.06 on the 4th day to 115.53 meq kg -1 of oil on the 39th day). The results showed an increase of phenolic concentration in Ex and NL forms intensified soybean oil oxidation and significantly increased PV in all days except for NLs on the 11th and 25th days (p \ 0.05). It was obvious that the lowest concentration of PGHE (500 mg/kg) in both Ex and NL forms had better antioxidant activity than 750 and 1000 mg/kg. Totally, 1000 mg/kg showed the lowest potency for retarding oxidation in free and incorporated phenolic compounds. This can be due to the pro-oxidant effect of phenolic compounds of PGHE in concentrations higher than 500 mg/kg. The results were comparable with Gortzi et al. (2008) , who reported that there is no linear correlation between the antioxidant activities and the concentration of some antioxidants. They also reported that the antioxidants showed pro-oxidant effect at high concentrations. However, PV values of Ex were lower than NL at 500 mg/kg in all days (p \ 0.05) due to slow and controlled release of phenolic compounds from NLs. Zou et al. (2014a) also indicated the lower ferric reducing activities of tea polyphenols loaded liposomes in comparison to free ones, because of their controlled release behavior. Furthermore, Exs at 750 and 1000 mg/kg showed better antioxidant activity than NLs with the same concentrations until 18th day, but reverse trend was observed in subsequent days. This could be attributed to the high decomposition rate of phenolic compounds in Ex during the storage, but phenolic compounds were more retained in NLs, because of the protective effect of liposomes. Similarly, Zou et al. (2014b) observed that incorporation of Epigallocatechin gallate (EGCG) in nanoliposomes significantly enhanced stability of EGCG in simulated intestinal fluid (SIF) compared to EGCG solutions. Also, nanoliposomes containing fish oil showed higher ability for retention of omega 3 fatty acids in yoghurt samples than free ones (Ghorbanzade et al. 2017) .
As seen in Table 3 , NLs and Exs exhibited significantly lower PV than BHT (at 100 and 200 mg/kg) in most cases. The results also demonstrated that the PV of NL-500 and Ex-500 remained below the maximum permitted limit (B10 meq kg -1 oil) stated by Codex Alimentarius Commission (1999) after 32 and 39 days of storage, respectively, but the PV of BHT samples exceeded the permitted limit after 18 days of storage. It could be concluded that, liposomes protect phenolic compounds against interactions with other food ingredients and retain their bioactivity and stability during food processing, storage and digestion. Also, NLs had more antioxidant capability than Exs in longer storage times.
TBA
As PV can not completely indicate oxidation state of edible oils, TBA value was measured to evaluate secondary oxidation products which are formed along with the decomposition of initial oxidation products. The TBA values of different soybean oil samples were measured on the 18th, 25th, 32th and 39th days and expressed as malonaldehyde equivalents kg -1 oil (Table 4 ). The statistical results showed that time and treatment interaction (time 9 treatment) had significant effects on TBA values (p \ 0.05). TBA values followed an increasing trend with increment of formation and decomposition of hydroperoxides during the storage time in all samples.
As seen in Table 4 , the control and Ex-500 had the highest and lowest TBA values, respectively. TBA value of control sample increased from 0.4 (malonaldehyde equivalent kg -1 oil) on the 18th day to 3.79 (malonaldehyde equivalent kg -1 oil) on the 39th day, because there was no antioxidant ingredient applied in order to prevent oxidation.
Similar to PV results, Ex-500 had significantly higher antioxidant activity and lower TBA value in comparison to Ex-750 and Ex-1000 in all days (p \ 0.05). In the case of NLs, there were significant differences among concentrations in all days except for NL-500 and NL-750 on the 25th day. Likewise, Ex-500 and NL-500 had higher antioxidant activity and lower TBA values in comparison to NL-750 and NL-1000 in all days. It was also observed that, Ex-500 had more potent antioxidant activity in comparison to NL-500. As demonstrated in Table 4 , Ex-750 and Ex-1000 could efficiently inhibit the formation of malonaldehyde on the 18th day, but NL-750 and NL-1000 were superior on the subsequent days. Because of higher rate of hydroperoxide decomposition than their formation in longer storage times, higher amounts of phenolic compounds are necessary for reducing TBA value. Therefore, due to the slow release of phenolic compounds from NLs, they were not able to control the formation of malonaldehyde on the 18th day. Contradictorily, Exs had sufficient amounts of phenolic compounds and could monitor the malonaldehyde formation. However, the results indicated that the efficiency of NLs improved in next days, because of the increasing release rate of phenolic compounds and probably decomposition of Exs under environmental conditions. The antioxidant activity of incorporated phenolic compounds depends on interaction with bilayers and location within liposomes. Hydrophobic phenolic compounds place in non-polar part of lipid bilayers, while hydrophilic phenolic compounds locate inside aqueous region of liposomes which can decrease the release rate (Gosangari and Watkin 2012; Paiva-Martins et al. 2003) . The slow release can be associated with interaction between bilayers and phenolic compounds of PGHE by formation of hydrogen bonds between the polar zone of phospholipids and the OH groups of these compounds (Rafiee et al. 2017) . As mentioned before, phenolic compounds concentration had no significant effect on the particle size of NLs. Consequently, it can be found that, phenolic compounds successfully encapsulated in nanoliposomes and were released over a period of time. Therefore, the lower antioxidant activity of NLs can be justified. Similarly, the controlled release and gradual accessibility to antioxidant effect of olive leaf phenolic compounds have been stated by Mohammadi et al. (2016b) .
The controlled release of the phenolic compounds also leads to masking unpleasant flavors, such as bitterness. Moreover, loading bioactive compounds in nanoliposomes slows down degradation in the gastrointestinal tract, increases their surface area and enhances their bioavailability and bioactivity (Fang and Bhandari 2010) .
In comparison to Exs, no precipitations were observed for different nanoliposomes formulations during the storage time due to the amphipathic nature of phospholipids which enhanced the solubility of the extract in oil. The precipitation of Exs (particularly in higher concentrations) can be attributed to their low lipid solubility. Thus, nanoliposomes could not only enhance the stability of phenolic compounds, but also improve their solubility.
Furthermore, lecithin has antioxidant activity and improves the oxidative stability of oils and fats due to the presence of phospholipids in lecithin composition. Phospholipids have different antioxidative mechanisms such as amino actions of phosphatidylcholine (PC), phosphatidylethanolamine (PE) or phosphatidylserine (PS) and metal-chelating activities of the sugar part of phosphatidylinositol (PI). The presence of phospholipids in the oil/water interface results in an oxygen barrier activity, protecting lipids against atmospheric oxygen. Additionally, lecithin facilitates the dispersion of other antioxidants and inhibits the propagation of free radicals in the food systems. Lecithin retards lipid oxidation by scavenging free radical and converting hydroperoxides into stable products. The reaction of PC with peroxy radicals leads to forming trimethylammonium oxides, while PE yields imines by reaction with hydroperoxides in the non-radical pathway. Lecithin also has a synergistic effect with phenolic compounds, because of donating a hydrogen atom by amino group of phospholipids and regenerating oxidized phenolic compounds. It has been reported that, the addition of lecithin (1% w/w) to rapeseed oil resulted in an increment of Rancimat induction time and a reduction of PV (Judde et al. 2003; Cardenia et al. 2011) . Also, according to our previous work, the incorporation of phenolic compounds of PGHE into nanoliposomes could improve their oxidative stability in comparison to free ones (Rafiee et al. 2017) . Table 3 The TBA values of Exs and NLs were significantly lower in comparison to those of BHT expect for similar TBA value of BHT-100 and NL-500 on the 18th day. Therefore, a synthetic antioxidant such as BHT can be replaced by capsulated PGHE. Generally, TBA values followed the same trend with PV results and confirmed them. Finally, it could be concluded that, Ex-500 was the most potent antioxidant for retarding oxidation followed by NL-500, NL-750 and NL-1000. But for avoiding inverse effects of free extract in soy bean oil (as mentioned before), using NL-500 is recommended as a natural antioxidant in oil system.
The findings were in accordance with the results of Taghvaei et al. (2014) who studied the antioxidant capability of olive leaf extract. They reported that, incorporated olive leaf extract had higher stability than free ones, but encapsulation by freeze-drying method led to a decrease in the antioxidant activity of the extract in soybean oil. Besides, Chatterjee and Bhattacharjee (2013) suggested using encapsulated clove extracts instead of un-encapsulated form in frying oil, due to their controlled release. Spigno et al. (2013) reported that grape marc extract addition significantly retarded the oxidation of hazelnut paste under accelerated shelf-life test at 60°C. They also observed that the enclosing of phenolic compounds improved the dispersion of extract in the medium and maintained their antioxidant activity. Different results have been reported by researchers about the effectiveness of encapsulated phenolic compounds. Mohammadi et al. (2016a) prepared nano-encapsulated olive leaf extract (NOLE) by W/O nano-emulsions and W/O/W double emulsions and added it to the soybean oil. They demonstrated, NOLE was more effective for retarding oxidation in comparison with non-encapsulated ones, but NOLE had a lower thermal stability than that of free form. Additionally, the encapsulation of the Myrtuscommunis extract in liposomes led to an increment of antioxidant effect in comparison to the free form of the extract (Gortzi et al. 2008) . The dissimilarity can be attributed to type of encapsulation method, type and concentration of phenolic compounds, antioxidant activity assay, storage conditions, the nature of food systems, release profile, and other factors.
Color analysis L * , a * and b * are indicators of lightness, redness, and yellowness of samples. L * and a * parameters of all samples were statistically constant after 39 days (data not shown). Figure 1 illustrates the b * values of oil samples after 39 days of storage at 35°C. Most color changes were related to BHT. The yellowness of oil samples containing Exs and BHT enhanced significantly in comparison to that of the control, but no significant changes were observed for NLs. Hence, encapsulated phenolic compounds could maintain color by preventing the direct contact of color compounds of PGHE with soybean oil. There was also a positive correlation between phenolic compounds and b * value. The increase of yellowness in RBD oil mostly occurs in soybean oil during the storage and it is known as ''color reversion''. Color reversion is associated with oxidation and conversion of c-tocopherol to tocored (2,7,8-trimethyl-2 (40,80,120-tridecyl 2)-chromane, 5, 6-quinone). Lipid peroxide radicals enhance these reactions (Shahidi 2005) .
Similarly, Taghvaei et al. (2014) demonstrated that the yellowness of encapsulated olive leaf extract by Arabic gum and maltodextrin was lower than free olive leaf extract in soybean oil after 20 days of storage at 55°C. It was concluded that the incorporation of the phenolic compounds in nanocarriers such as nanoliposomes has good potential for protecting them from adverse reactions, enhancing of their bioactivity and bioavailability and reducing their influence on the sensory properties of the food products by masking their undesirable effects (Spigno et al. 2013) .
Conclusion
In the present study, the phenolic compounds of PGHE were incorporated into liposomes and their effect on oxidative stability of soybean oil was evaluated. According to the results, all produced liposomes had nanometer size, low PDI values and high zeta potential, indicating homogenous and stable systems. Average size showed significant change after incorporation of phenolic compounds. Moreover, the highest EE was observed for LNL- 1000. The application of PGHE to retard soybean oil oxidation demonstrated that PV and TBA values of all samples increased in longer storage times. Ex-500 showed most potent antioxidant activity, but in higher concentrations, PGHE had pro-oxidant effect. Exs could retard oxidation more effectively in comparison to LNs, but using LNs enhanced the solubility and stability of phenolic compounds in soybean oil. Besides, the color of LNs containing oil samples was constant during the storage time. It was concluded that LN-500 could be used as a substitute for synthetic antioxidants to control oxidation in soybean oil. Finally, it could also be concluded that, the encapsulation of PGHE as an inexpensive and natural source of phenolic compounds in liposomes was an appropriate approach to solve the problems related to their direct application in food products and produce good food grade antioxidants.
